Introduction
Superb brain functions are played by a large number of neurons mostly born during embryonic development. In the initial stages of brain development, enormous proliferation of neuroepithelial (NEp) cells occurs by symmetrical cell division at the apical (ventricular) surface of the ventricular zone. Some of the NEp cells then start to make neurons, simultaneously self-renewing to keep undifferentiated NEp cells themselves. These cells are thus called "apical progenitors" of neurons (Miyata et al., 2001; Haubensak et al., 2004) . With the advancement of the developmental stages, there appears to be symmetrically dividing "basal progenitors," producing two neurons in the subventricular zone (Haubensak et al., 2004; Miyata et al., 2004; Englund et al., 2005) . Therefore, both proliferation and neuronal differentiation occur in balance within the neuroepithelium, although the former dominates in the early cortical development.
Various factors coordinately regulate the proliferation and differentiation of NEp cells. Growth factors such as fibroblast growth factor and epidermal growth factor, as well as activation of Notch receptor, inhibit neuronal differentiation and promote proliferation of neural progenitor cells (Temple and Qian, 1996; Panchision and McKay, 2002) . Conversely, neuronal differentiation is promoted by proneural basic helix-loop-helix transcription factors such as neurogenin (Ngn) 1 and Ngn2 (Schuurmans and Guillemot, 2002) and by a canonical Wnt signal (Hirabayashi et al., 2004) . However, most of these studies focused on the midgestation stage when production of neurons is at its peak, and therefore, little is known about proliferation of NEp cells in the early embryonic stage.
Expression of the transcription factor Pax6 in NEp cells appears in the initial stage of brain development (Stoykova and Gruss, 1994; Inoue et al., 2000) . The region-specific expression of Pax6 plays pivotal roles in the developing CNS, including brain patterning, neuronal specification, neuronal migration, and axonal projection (for review, see Osumi, 2001; Simpson and Price, 2002) . With regard to neurogenesis, downregulation of Pax6 expression occurs in the transition from NEp cells (including apical progenitors) to basal progenitors (Englund et al., 2005) . Gain and loss of function studies have shown that Pax6 promotes neuronal differentiation in the developing cerebral cortex; cells taken from the cortical primordia of Pax6 mutant Small eye mice (Sey/Sey) exhibit less neuronal differentiation compared with those taken from the wild type (WT), which is rescued by being transfected with exogenous Pax6 (Gotz et al., 1998; Heins et al., 2002) . However, other studies reported that cell proliferation was decreased in Sey/Sey brain (Warren and Price, 1997; Warren et al., 1999; Estivill-Torrus et al., 2002) . In the Pax6 mutant rat telencephalon, the thickness of both the ventricular zone and cortical plate is reduced (Fukuda et al., 2000) . Thus, Pax6 seems to promote proliferation or differentiation in a highly context-dependent manner.
It is reasonable to assume that multiple functions of Pax6 are performed by transcriptional regulation of different target genes. Various genes are reported to be upregulated or downregulated in Pax6 mutant tissues, and some have been confirmed to be target genes of Pax6 in the in vitro studies (for review, see Simpson and Price, 2002) . In brain development, the cell adhesion molecule L1 is a gene reported to be a direct target of Pax6 (Meech et al., 1999) . Furthermore, expression of R-cadherin, a cell adhesion molecule, is decreased in Pax6 mutant brain (Stoykova et al., 1997; Andrews and Mastick, 2003) . Wnt7b and SFRP-2, genes involved in Wnt signaling, are also downregulated (Osumi et al., 1997; Kim et al., 2001) , and the former is induced by Pax6 overexpression . Furthermore, the above-mentioned neuronal differentiation-promoting effects of Pax6 are considered to be mediated by transcriptional activation of the Ngn2 gene (Scardigli et al., 2003) . At present, however, no Pax6 downstream gene has been identified to promote proliferation and/or inhibit differentiation of NEp cells.
The present study was designed to identify genes that are differentially expressed in the early stage of wild-type and Pax6 mutant rat (rSey 2 /rSey 2 ) brains. For this purpose, we conducted a comparative analysis using oligonucleotide microarrays. The results showed that among those genes that are upregulated or downregulated in rSey 2 /rSey 2 brains, the expression of brain-type fatty acid binding protein (FABP) Fabp7 (B-FABP/BLBP) (Feng et al., 1994; Kurtz et al., 1994) was markedly reduced both in the forebrain (FB) and hindbrain (HB) regions. Fabp7 was expressed in Pax6-positive proliferating NEp cells, and the introduction of exogenous Pax6 by electroporation induced strong Fabp7 expression, rather than Ngn2 in the developing cortex. Furthermore, knocking-down of FABP7 function by RNA interference in NEp cells reduced their proliferation and conversely promoted neuronal differentiation. Notably, the cells in the early cortical primordium electroporated with Fabp7 small interfering RNA (siRNA) became round and failed to exhibit the morphological features of NEp with long processes. The results indicate that Fabp7 is a downstream gene of Pax6 in the early cortical development and has essential roles in the maintenance of proliferation of NEp cells.
Materials and Methods
Animals. Pax6 homozygous rat embryos were obtained by intercrossing male and female heterozygotes of Small eye rats (rSey 2 ) (Osumi et al., 1997) that were maintained at the Tohoku University School of Medicine (Sendai, Japan). Wild-type Sprague Dawley rats were purchased from Charles River (Kanagawa, Japan). The midday of identifying the vaginal plug was designated as embryonic day 0.5 (E0.5). The Committee for Animal Experiment in Tohoku University Graduate School of Medicine approved all of the experimental procedures described in this report.
Microarray analysis. GeneChip Rat Genome U34A Array (Affymetrix, Santa Clara, CA) was used for microarray analysis. The details of the procedure are described in the supplemental material (available at www.jneurosci.org).
Real-time quantitative PCR.
To analyze the validity of the microarray results, real-time quantitative PCR was performed using the LightCycler instrument and the protocol recommended by the manufacturer (Roche Diagnostics, Indianapolis, IN). The nucleotide sequences of Fabp7 primers were 5Ј-GATGCTTTCTGTGCCACCTG-3Ј and 5Ј-CTGCC-TCCACACCAAAGACA-3 (Nihon Gene Research Laboratories, Miyagi, Japan). Template double-stranded DNA (dsDNA) was synthesized from 2.5 g of cDNA prepared from both WT and rSey 2 /rSey 2 samples. Detailed conditions of the real-time PCR will be supplied on request. Realtime PCR was performed after optimizing MgCl 2 concentration.
In situ hybridization. In situ hybridization on whole-mount brains and frozen sections was performed as described previously (Osumi et al., 1997) . cDNA for rat Fabp7 was amplified by PCR with the same dsDNA templates and primers used for quantitative PCR, and the obtained cDNA fragment was cloned into pBluescriptIISK(-) (Stratagene, La Jolla, CA). Plasmid DNA for rat Ngn2 was a kind gift from Dr. Nakafuku (University of Tokyo, Tokyo, Japan) (Mizuguchi et al., 2001) . Brightfield images were obtained using a CCD camera (Fuji, Tokyo, Japan).
Immunostaining. Immunostaining of whole-mount and frozen sections was performed as described previously (Osumi et al., 1997) . Antibodies against FABP7 (Feng et al., 1994; Owada et al., 1996) [rabbit polyclonal; a kind gift from Drs. Y. Owada (Tohoku University, Miyagi, Japan) and M. Watanabe (Hokkaido University, Hokkaido, Japan)], Pax6 (Engelkamp et al., 1999) (mouse monoclonal; a generous gift from Dr. van Heyningen, Western General Hospital, Edinburgh, UK), Pax6 (Inoue et al., 2000) (rabbit polyclonal), nestin (Miyata and Ogawa, 1994) (mouse monoclonal; a kind gift from Dr. Ogawa), Ki-67 (mouse monoclonal; Dako Cytomation, Carpinteria, CA), p27 (mouse IgG1; BD Transduction Laboratories, San Jose, CA), class III ␤-tubulin (Tuj1; mouse IgG2a; BAbCO), bromodeoxyuridine (BrdU; mouse monoclonal; BD, Franklin Lakes, NJ), Ngn2 (5C6) (Lo et al., 2002) (mouse IgG1; a kind gift from Dr. Anderson, California Institute of Technology, Pasadena, CA), and green fluorescent protein (GFP; rabbit polyclonal; Chemicon, Temecula, CA) were used. As secondary antibodies, we used cyanine 3-conjugated anti-rabbit or anti-mouse IgG, FITC-conjugated anti-mouse or anti-rabbit IgG, and horseradish peroxidase-conjugated anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA). Fluorescent images were obtained by a cooled CCD camera (Roper, Duluth, GA) .
Electroporation of cultured rat embryos. The method used for electroporation of cultured rat embryos was described previously . The transferred plasmid vector ( pCAX/mPax6, pCAX/GFP, and pSUPER siRNAs) solutions were prepared at concentrations of 5 mg/ml and microinjected into telencephalic vesicles. Square pulses (70 V; 5 Hz) were delivered into the embryos using an electroporator (CUY21; Neppa Gene, Tokyo, Japan).
Gene silencing of Fabp7 with siRNA. Based on the RNA interference method for mammalian cells (Brummelkamp et al., 2002) , we used the pSUPER basic vector (Oligoengine, Seattle, WA). Five types of small hairpin RNAs (shRNAs) (i-148, i-149, i-246, i-247, and i-274 ) were prepared (sequence data are shown in supplemental Fig. 2 , available at www.jneurosci.org as supplemental material) and cloned into pSUPER vector according to the protocol provided by the manufacturer. The pSUPER/shRNA plasmid was transcribed into 19 oligonucleotide siRNAs in the cells. E11.5 WT embryos were electroporated with each of the five constructs to select the most effective construct as i-247. The mutant form of i-247 (i-247mt) was prepared by calculating the internal stability (Khvorova et al., 2003) of i-247 target sequence using Oligo 4.0 software (Molecular Biology Insights, Cascade, CO).
Cell proliferation assay. For cell proliferation analysis, rat embryos electroporated with either pSUPER/i-247, pSUPER/i-247mt, or control pSUPER vector were cultured for 24 h. After whole embryo culture, embryos were further cultured for 20 min in a medium containing 40 M BrdU. The method used for BrdU pulse-labeling was performed as de-scribed previously . The BrdU incorporation index was calculated as the percentage of BrdU-labeled cells relative to all GFP-positive cells.
Results

Identification of Fabp7 as a downregulated gene in rSey
2 /rSey 2 brain To search for genes downstream of Pax6 and determine their importance in the maintenance of proliferation and/or inhibition of differentiation of NEp cells, we took advantage of transcriptome analyses using WT and Pax6 mutant rat brains at E12.5 (corresponding to E10.5 in the mouse). At this developmental stage, neurogenesis has just started, and the majority of NEp cells are still proliferating. rSey 2 has a mutation in the Pax6 gene (Osumi et al., 1997) , resulting in production of putatively truncated Pax6 protein. In the homozygous Pax6 mutant (rSey 2 /rSey 2 ), however, such truncated Pax6 protein could not be detected by immunohistochemistry and Western blot analysis (data not shown) using a monoclonal antibody that recognizes the N-terminal domain of Pax6 protein (Engelkamp et al., 1999) . Therefore, we concluded that rSey 2 /rSey 2 is a null condition for Pax6 function.
We next compared the transcriptional profiles of the WT and rSey 2 /rSey 2 embryos using Affymetrix rat U34A oligonucleotide microarray containing 8799 genes [5382 known genes and 3417 expressed sequence tag (EST) clusters]. The mRNAs were obtained from the rostral and caudal parts of the brain tissue (here termed the forebrain and hindbrain regions, respectively) to determine the transcriptional profiles of different brain regions. We performed hybridization twice to confirm the screening results (supplemental Table 1 , available at www.jneurosci.org as supplemental material). The intensity and fold changes of hybridization signals were drawn by GeneSpring 4.2 software as scatter plots (supplemental Fig. 1 A, available at www.jneurosci.org as supplemental material). Among the genes that were differentially expressed in the WT and rSey 2 /rSey 2 , we found several genes that were previously reported to be downstream of Pax6 such as ␤-B3-2-crystallin, ␣-A-crystallin, and aldehyde dehydrogenase (Duncan et al., 1998; Suzuki et al., 2000) (Table 1) . Thus, our strategy seemed to work for screening Pax6 downstream genes. The rat Ngn2 was neither among the known genes plotted on Affymetrix rat U34A nor identified in EST clusters that were downregulated in rSey 2 /rSey 2 according to our criteria (supplemental Table 2A ,B, available at www. jneurosci.org as supplemental material). This is because the expression of Ngn2 in WT rat brain is still very weak at E12.5 (data not shown).
Using this approach, we detected several genes that were otherwise not reported previously as downstream to Pax6 (Table 1)  (supplemental Table 2 A, B, available at www.jneurosci.org as supplemental material). Among these genes, the expression of Fabp7 (B-FABP/BLBP), a brain type fatty acid binding protein, was markedly downregulated both in the FB and HB regions (Ϫ7.0-fold and Ϫ13.0-fold in FB and HB, respectively) ( Table 1 ) (supplemental Fig. 1 A, Fig. 1 B, available at www.jneurosci.org as supplemental material). Therefore, Fabp7 is considered a good candidate as a Pax6 target.
Fabp7 belongs to a conserved multigene family of intracellular lipid-binding proteins, which are ubiquitously expressed in vertebrate tissues with distinct expression patterns for the individual FABPs (Haunerland and Spener, 2004) . In the field of developmental neurobiology, FABP7 (more often referred as BLBP) is widely used as a marker for so-called "radial glial cells" in the CNS (Feng et al., 1994; Kurtz et al., 1994; Gotz et al., 1998; Anthony et al., 2004 ), yet the role of FABP7 is poorly understood. Because other members of FABPs participate in cell proliferation and differentiation (for review, see Haunerland and Spener, 2004) , we concentrated on analyses of this molecule.
Expression patterns of Fabp7 in WT and rSey
2 /rSey 2 embryos To investigate in detail the spatiotemporal expression pattern of Fabp7, we performed whole-mount in situ hybridization and compared Fabp7 and Pax6 expression levels at several embryonic stages of the developing brain (Fig. 1 A) . Expression of Pax6 appeared at approximately E10 in the WT rat embryo (data not shown). At E10.5, Pax6 was expressed specifically in the forebrain, hindbrain, and spinal cord. After E11.5, Pax6 expression was confined to the dorsal part in the telencephalon and diencephalon and to the ventral part of the hindbrain and spinal cord. Fabp7 expression was first detected in the hindbrain at E10.5. In the forebrain region, Fabp7 expression became evident at E11.0 -E11.5. After E12.5, Fabp7 was strongly expressed in the dorsal part of the telencephalon and diencephalon and in the ventral part of the hindbrain (Fig. 1 A) . These results indicate that the onset of Fabp7 expression was at the stage of NEp cell proliferation and that the expression pattern of Fabp7 after E12.5 was quite similar to that of Pax6 in the rat embryonic CNS.
Next, we compared the expression patterns of Fabp7 in WT and rSey 2 /rSey 2 embryos (Fig. 1 A) . As expected from the microarray and quantitative PCR analyses, Fabp7 expression was undetectable in the telencephalon, diencephalon, and hindbrain in rSey 2 /rSey 2 embryos until E12.5. After E12.5, Fabp7 was faintly expressed at the ventral part of the isthmus and hindbrain in rSey 2 /rSey 2 . These results indicate that Fabp7 expression was generally absent or severely reduced in rSey 2 /rSey 2 brain. The region-specific expression patterns of Fabp7 in the rat embryo are different from those in the mouse embryo; Fabp7 is more intensely expressed in the ventral telencephalon in E10.5 mouse embryo (Fig.  1 B) , whereas it is specifically expressed in the cortical primordium in the equivalent E12.5 rat embryo (Fig. 1 A) . Moreover, downregulation of Blbp/Fabp7 is not detected in the Pax6 mutant mouse (Sey/Sey) embryo (Fig. 1 B) as reported previously (Gotz et al., 1998) . It is possible that other members of the FABP family are expressed in the cortical primordium in the mouse embryo. Thus, Fabp7 is a downstream gene of Pax6 in the rat developing cortex.
Searching the rat genomic sequence with TFBIND software based on TRANSFAC R.3.4 database (Tsunoda and Takagi, 1999) , we found four prospective Pax6 binding sites (with matching scores Ͼ0.80 against Pax6 binding consensus sequence matrix: M00097 V$PAX6_01) on the 5 kb upstream to Fabp7 (Ϫ4571/Ϫ4558, Ϫ3268/Ϫ3255, Ϫ2503/Ϫ2490, Ϫ1927/Ϫ1940 bp; the last site was in opposite direction). Therefore, it is very likely that the expression of Fabp7 gene is regulated by Pax6 transcription factor in the developing rat brain.
Induction of Fabp7 expression by Pax6 overexpression
The marked reduction of Fabp7 expression in rSey 2 /rSey 2 embryos led us to test whether exogenous Pax6 can induce Fabp7 expression in the developing brain. Pax6-expression vector was Figure 1 . Expression patterns of Pax6 and Fabp7 in the developing rat brain. A, Whole-mount in situ hybridization of the embryo at E10.5 and E11.0 and brain tubes taken from E11.5 to E14.5. At E10.5-E11.0, Pax6 mRNA expression is positive in the forebrain and hindbrain. Fabp7 mRNA expression is positive in the hindbrain. From E12.5 and onwards, expression of Fabp7 becomes evident in the forebrain. Note that the expression pattern of Fabp7 is quite similar to that of Pax6. In rSey 2 /rSey 2 brain, expression of Fabp7 is severely downregulated in the forebrain until E14.5. From E13.5 to E14.5, Fabp7 expression is seen in the rSey 2 /rSey 2 hindbrain. Scale bar, 1 mm. B, Expression patterns of Fabp7 in the developing mouse brain. Whole-mount in situ hybridization of Fabp7 in the brain tube of WT and Sey/Sey at E10.5 (equivalent to rat E12.5). Contrary to the expression in rat embryos, in the mouse, Fabp7 is not specifically expressed in the dorsal telencephalon (Pax6-positive region) but intensely expressed in the ventral telencephalon and in the midbrain (Pax6-negative regions). Also note that Fabp7 expression is almost similar in WT and Sey/Sey brains. Scale bar, 1 mm. electroporated into E11.5 telencephalon before the appearance of endogenous Fabp7 expression. GFP-expression vector was cotransfected with Pax6-expression vector for conveniently monitoring exogenous gene expression. Exogenous Pax6 protein was detected at 3 h after electroporation, and it was maintained for at least 18 h after electroporation (Fig. 2) .
Ectopic Fabp7 expression was observed at the region where Pax6 was overexpressed at 3 h after electroporation, and it continued at a robust level for at least 18 h (Fig. 2) . Induction of Fabp7 gene was also confirmed at a protein level by staining with anti-FABP7 antibody (data not shown). Such effect was not observed after control electroporation using GFPexpression vector only or GFP-expression vector plus pCAX mock vector (data not shown). These results indicate that introduction of Pax6-expression vector can immediately induce strong expression of Fabp7 in the early cortex primordium.
Ngn2 was downregulated in rSey 2 /rSey 2 embryos (data not shown). In this regard, a previous report described the induction of Ngn expression by Pax6 in vitro (Scardigli et al., 2003) . Next, we investigated whether Ngn2 gene is induced by overexpression of Pax6 in the cortical primordium at the same stage. Ngn2 expression was induced by transfection of exogenous Pax6, but this induction was very weak and rather transient compared with that of Fabp7 (Fig. 2) . Thus, in the early cortex, Pax6 positively regulates the expression of Fabp7 more strongly than that of Ngn2.
FABP7 expression in proliferating NEp cells
The interesting expression patterns of Fabp7 gene prompted us to investigate its functions in the developing brain. In the first step, we performed immunostaining using a FABP7-specific antibody and other markers and examined the morphological features of FABP7-positive cells (Fig. 3) . At E12.5, FABP7 protein was specifically expressed in NEp cells with a strong level in the nucleus and a weak level in the cytoplasm. We also noticed different levels of FABP7 expression in NEp cells (see below). Double staining for FABP7 and Pax6 revealed that nearly all FABP7-positive cells coexpressed Pax6. This was also confirmed by immunostaining of dissociated cells taken from E12.5 telencephalon; 88.6% of Pax6-expressing cells were positive for FABP7. Expression of nestin, which labels immature NEp cells and that of Ki-67, labeling actively dividing precursors in all phases of the cell cycle, were also observed in FABP7-positive cells. In contrast, the expression of p27, which labels nonproliferating cells and of acetylated ␤-tubulin, a specific marker for neurons, never overlapped with that of FABP7. These results indicate that the proliferating NEp cells, but not mature neurons, expressed FABP7 during early cortical development.
The presence of FABP7-strongly positive and -weakly positive NEp cells prompted us to examine the expression of FABP7 and Ngn2 by double immunostaining (Fig. 3) . Interestingly, FABP7-strongly expressing NEp cells were negative for Ngn2 (Fig. 3 , triple arrow), whereas those strongly expressing Ngn2 were neg- Figure 2 . Induction of Fabp7 and Ngn2 mRNAs by Pax6 at the early stage of cortical development. pCAX/mPax6 expression vector was coelectroporated with pCAX/GFP into the telencephalic vesicle of E11.5 WT embryos, which were cultured for 3, 6, 12, and 18 h. GFP fluorescence, immunostaining of Pax6 protein, and Fabp7 mRNA are shown in whole mount. At 3 h after electroporation when Pax6 protein was just synthesized, Fabp7 mRNA was immediately induced by Pax6 overexpression. Strong and persistent expression of Fabp7 was observed at least 18 h after electroporation. In contrast, Ngn2 expression was weakly induced at 3 h but not well maintained until 18 h. Numbers represent the number of embryos analyzed. Scale bar, 0.5 mm.
ative for FABP7 (Fig. 3, single arrow) . Other cells were moderately double-positive for FABP7 and Ngn2 (Fig. 3, double arrow) . These findings suggest a possible transition of FABP7 to Ngn2 in the neuroepithelium of the developing cortex.
Downregulation of FABP7 expression by RNA interference in cultured embryos
The robust expression of FABP7 in proliferating NEp cells suggests that this fatty acid-binding protein plays an important role in proliferation or fate of NEp cells. To investigate this issue, we first performed knocking-down experiments using Fabp7-specific siRNA in the cortex primordium of rat embryos. We designed five types of double-stranded siRNAs that recognized different sequences of Fabp7 mRNA (i-148, i-149, i-246, i-247 , and i-274 ) (supplemental Fig. 2 A, B , available at www. jneurosci.org as supplemental material), which were cloned into the pSUPER vector. We found a marked reduction of Fabp7 mRNA with pSUPER/i-247 (Fig.  4 B, red boxes) and with pSUPER/i-149 (supplemental Fig. 2C , available at www. jneurosci.org as supplemental material) when electroporated into the telencephalon of E11.5 WT rats. Because pSUPER/i-247 most effectively downregulated Fabp7 mRNA, we used this construct in subsequent experiments. The reduction of FABP7 protein was also confirmed with anti-FABP7 antibody (Fig. 4C) . Neither the control mock vector nor a mutant form of siRNA ( pSUPER/i-247mt) (Fig.  4 A) reduced the expression of Fabp7 at mRNA and protein levels (Fig. 4 B, C) . These results indicate that Fabp7 expression is downregulated by electroporation with Fabp7-specific siRNA.
Misexpression of Fabp7-specific siRNA reduces cell proliferation and promotes neuronal differentiation Using the above-mentioned Fabp7-specific siRNA, we next examined the role of Fabp7 on proliferation and differentiation of NEp cells. After siRNA electroporation, the proliferating cells were pulselabeled by BrdU and then the number of BrdU-incorporating cells at 24 h after electroporation was counted. The number of these cells was extremely reduced in embryos electroporated with pSUPER/i-247, compared with those electroporated with the mock vector or pSUPER/i-247mt (Fig.  5A) . Quantitative analysis showed a 77.1% reduction in the percentage of BrdUincorporating cells in embryos transfected with pSUPER/i-247 (Fig. 5B) . Cell death was not specifically induced by siRNA electroporation at this stage (data not shown). Therefore, functional knockdown of FABP7 decreased proliferation of telencephalic NEp cells at early embryonic development.
In addition to the above changes, we also noticed morphological changes in GFP-positive cells with reduced FABP7 expression and BrdU incorporation. Specifically, these cells no longer exhibited the morphological features of NEp cells, which have thin processes extending apically and basally. Instead, the cells appeared round in shape (Fig. 5C ). These findings suggest that FABP7 is involved in maintaining the morphology of proliferating NEp cells. To understand further the functional role of FABP7 in NEp cells, we examined neuronal differentiation in embryos electroporated with Fabp7 siRNA. At 24 h after electroporation, no ectopic neurons were yet detected in the ventricular zone (data not shown). After 48 h of electroporation, the number of Tuj1-immunoreactive cells was markedly increased in embryos transfected with pSUPER/i247 (Fig. 5D) . Furthermore, in pSUPER/i-247 misexpressed embryos, Tuj1-positive cells were ectopically located in the ventricular zone without significant upregulation of Ngn2 mRNA and Ngn2 protein (data not shown). Such an increase of neuronal differentiation was not observed in embryos electroporated with the mock vector or pSUPER/i-247mt. Together, these experiments indicate that misexpression of Fabp7-specific siRNA was associated with a marked reduction of NEp cell proliferation, morphological changes in these cells, and induction of premature neurogenesis in the early stage of development of the cortex primordium.
Discussion
Several reports have suggested that Pax6 promotes neuronal differentiation in embryonic and adult neurogenesis (Gotz et al., 1998; Hartfuss et al., 2001; Hack et al., 2004) . However, little is known about the functional role of Pax6 in proliferating NEp cells at stages before neurogenesis. In the present microarray analysis, we identified Fabp7 as a downregulated gene in the CNS of rSey 2 /rSey 2 embryos. Importantly, we also showed in siRNA experiments that FABP7 is required for maintenance of proliferating NEp cells.
Fabp7 gene is a suitable candidate as a target of Pax6 transcription factor in the early development of the rat cortex for the following reasons. First, the marked downregulation of Fabp7 expression in rSey 2 /rSey 2 was reproduced in quantitative PCR (supplemental Fig. 1 A, B , available at www.jneurosci.org as supplemental material). In situ hybridization studies in the WT embryo also revealed spatiotemporal expression patterns of Fabp7 that were quite similar to those of Pax6 (Fig. 1 A) . In rSey 2 /rSey 2 , Fabp7 expression was severely reduced in various brain regions (Fig. 1 A) . Furthermore, Fabp7 expression was strongly induced within just a few hours when Pax6-expression vector was electroporated into the developing telencephalon (Fig. 2) , whereas overexpression of a dominant-negative type Pax6 (Pax6-En) reduced the expression of Fabp7 (our unpublished data). Regarding the cis-element of mouse Fabp7 (BLBP), Feng and Heintz (1995) reported a putative PAX consensus sequence at Ϫ548 to Ϫ565 bp, although another group did not mention Pax6 binding sites on the mouse Fabp7 promoter region (Josephson et al., 1998) . In the rat, we found four prospective Pax6 binding sites on the 5 kb upstream to Fabp7. Considered together, these findings suggest that Fabp7 is a FABP7-expressing NEp cells coexpressed neural stem/progenitor markers such as nestin (Fig. 3) . Interestingly, cells that showed strong expression of FABP7 did not coexpress Ngn2 and vice versa, whereas some cells expressed both FABP7 and Ngn2 at moderate levels. A model that could consistently explain these results would incorporate transition from FABP7-expressing self-renewing NEp cells to Ngn2-expressing neuronal progenitors in the developing cortex (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). Support for such a model is provided by a recent real-time imaging study, in which cells that exhibited intense immunoreactivity for Ngn2 appeared as "basal progenitors" during midneurogenesis (Miyata et al., 2004) . In contrast, Pax6 expression is downregulated in these basal progenitor cells (Englund et al., 2005) . Furthermore, in our unpublished observation using the E10.5 Tis-21-GFP knock-in mice, in which neuron-generating apical progenitors and their descendants express GFP (Haubensak et al., 2004; Calegari et al., 2005) , FABP7 never colocalized with GFPpositive cells in the telencephalic neuroepithelium. In our study, electroporation of Pax6 in the early cortical primordium resulted in weak and transient induction of Ngn2 (Fig. 2) , suggesting that Pax6 predominantly transcribes Fabp7 rather than Ngn2 in the early developing cortex. Together, FABP7 seems to maintain NEp cell lineage, thereby producing numerous progenitor cells to form a large cortex primordium. Pax6 may keep a balance between proliferation and differentiation by regulating the transcription of various genes (e.g., Fabp7 and Ngn2) during cortical neurogenesis (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material).
Various functions have been proposed for different members of the FABP family, including promotion of cellular uptake and transport of fatty acids, targeting of fatty acids to specific metabolic pathways, and participation in the regulation of gene expression and cell growth (for review, see Haunerland and Spener, 2004) . Each member of the FABP family of proteins shows a unique expression pattern distinct to each tissue, and some FABPs are expressed in "stem cells" or "transientlyamplifying cells" in certain tissues (Roth et ., 1991; O'Shaughnessy et al., 2000) . It is also generally accepted that many FABPs participate in cell growth rather than differentiation. Although FABP7 (BLBP) has been used for a long time as a marker of "radial glial cells," which also behave like stem cells in the nervous system (Feng et al., 1994; Kurtz et al., 1994; Gotz et al., 1998; Hartfuss et al., 2001; Anthony et al., 2004) , very little is known about its cellular function. Genetically manipulated Fabp7-deficient mice show no obvious defects in brain development (Y. Owada, personal communications), a discrepancy with our results with Fabp7 siRNA (Fig. 5) . This is probably a result of the different expression patterns of Fabp7 in the mouse embryo in which Fabp7 is not expressed in the early cortical primordium (Fig. 1 B) . Another possibility would be compensation by other members of the FABP family, because the expression of H-type FABP is upregulated in E-FABP knock-out mice (Owada et al., 2002) . In this regard, affinity-purified anti-BLBP (FABP7) antibodies blocked glial and neuronal differentiation in primary cultures of cerebellar cells but had no effect on cell proliferation (Feng et al., 1994) . In our study, Fabp7 siRNA altered NEp cell morphology and reduced cell proliferation in the ventricular zone, whereas overexpression of Fabp7 in the telencephalon of both WT and rSey 2 /rSey 2 embryos had no effect on cell proliferation (our unpublished results). This could be a result of insufficient supply of ligand(s) for FABP7 in our experimental condition. Moreover, overexpression of Fabp7 did not alter expression of region-specific genes such as Nkx2.2 and Dbx1 (our unpublished results). Hence, we conclude that FABP7 is required, at least in part, for the proliferation of NEp cells.
An important factor in maintaining NEp cells in the proliferative undifferentiated state is the Notch-Hes signal (Ross et al., 2003) . A recent report showed premature neurogenesis in Hes-1 and Hes-5 double knock-out mice (Hatakeyama et al., 2004) . Interestingly, changes in the morphology of NEp cells noted in the cortical primordium of Hes-1 and Hes-5 double knock-out mice were quite similar to our results in Fabp7 RNAi studies. Feng et al. (1994) also observed changes in cell morphology when they treated granule cells with anti-BLBP (FABP7) antibody. Recently, the Notch effecter CBF1 was reported to regulate the transcription of Blbp (Fabp7 ) gene (Anthony et al., 2005) . We did not observe upregulation of Ngn2 in cells electroporated with Fabp7 siRNA (data not shown). Thus, the primary role of FABP7 in cortical neurogenesis could be to maintain epithelial cell cytoskeleton, thereby promoting the proliferation of NEp cells (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material).
Proliferation of NEp cells is a key process necessary to establish a huge brain region such as the neocortex of mammals. Production of neurons would be reduced if the size of the progenitor pool is decreased because of a low rate of NEp cell proliferation. Previous studies describing phenotypes of Pax6 mutant suggest that Pax6 contributes to both cell proliferation and neuronal differentiation (Warren et al., 1999; Fukuda et al., 2000; Philips et al., 2005) . In gain-of-function studies using dissociated cell cultures in which the structure of the neuroepithelium has been lost, Pax6 is reported to promote neuronal differentiation (Gotz et al., 1998; Heins et al., 2002) . In contrast, in Drosophila eye development, cell specification and cell proliferation in the eye primordium are independently controlled by eyeless and eyegone, two types of Pax6 homologs (Jang et al., 2003; Dominguez et al., 2004) . The eyegone gene product has a truncated paired domain and binds to a sequence similar to Pax6(5a) binding site (Jun et al., 1998) . It is reasonable to assume that differential usage of Pax6(5a) and Pax6 by alternative splicing could regulate the balance between differentiation and proliferation through the transcriptional control of different genes. Alternatively, Pax6 may differentially regulate its downstream genes by differential usage of cobinding partners to activate the target genes. For example, Pax6 and Sox2 regulate crystallin gene expression in the lens (Kamachi et al., 2001) , and Pax6 and Cdx2 regulate glucagon gene expression in the pancreas (Hussain and Habener, 1999) . Therefore, differential expression of partner molecules may influence the expression of different target genes. Third, a change in chromatin modification might cause differential specificity of target genes; Fabp7 promoter sequence in the rat genome might be inactivated in later cortical development so that it is inaccessible for Pax6 protein to bind. Additional studies using various molecular approaches are necessary to understand the mechanisms by which Pax6 regulates NEp cell proliferation and neuronal differentiation during cortical development.
